The reaction diffusion between indium solder and Au deposited (Ni and Cu) substrates was investigated. For the identification of intermetallic compounds, both Scanning Electron Microscopy (SEM) and X-Ray Diffractometry (XRD) were employed. Experimental results showed that the intermetallic compounds, such as Cu 11 In 9 and In 27 Ni 10 , were observed for different substrates, respectively. Additionally, the growth rate of these intermetallic compounds was increased with the reaction temperature and time. We found that the growth of the intermetallic compound follows the parabolic law, which indicates that layer growth of the intermetallic compound was mainly controlled by volume diffusion over the temperature range. The apparent activation energies for intermetallic compound growth were 37.06 kJ/mol for Cu 11 In 9 and 86.14 kJ/mol for In 27 Ni 10 , respectively.
Introduction
The tin-lead (Sn-Pb) solder is widely used in the electronic industry for packaging applications. This solder has been used for years and meets the performance requirements very well. The advantages of tin-lead eutectic solders are low cost, good wetting properties and proper physical, mechanical, metallurgical and fatigue resistant properties. However, the traditional uses of lead (Pb) in solders have been regulated because of its food, health and environmental problems. [1] [2] [3] [4] [5] [6] In response to the Pb-free trend in the electronic industry, many efforts have been made to develop Pb-free solders.
Indium has been widely used as an alloying element for many low temperature solders and fusible alloys, because of its low melting point, extreme softness, ductility, and excellent wetting characteristics. 7, 8) In electronic packaging application, indium solders are selectively used in where their unique properties are essential, for example flip chip interconnections of Josephson devices, glass-sealing alloys of 52In-42Sn, cryogenic solders for thin film joining, thermally conductive die attachment in a multichip module, and Pb-In alloys for controlled collapse chip connection (C4) application. [9] [10] [11] During soldering, the solder alloy melts and reacts with the substrate to form intermetallic compounds at the joining interface. The intermetallic layers increase in thickness with time in a thermally activated manner. The brittle nature of the intermetallic layer as well as extensive intermetallic growth can be damaging to reliability and solderability of solder joints. [12] [13] [14] The interfacial phenomena may be directly related with the solder joint reliability in the electronic packages. Therefore, a knowledge on intermetallic compounds produced by soldering in electronic packaging is essential. However, metallurgical behaviors in indium solder joint with different surface finishes have not been sufficiently studied yet. Therefore, the present work was carried out to investigate the reaction diffusion between indium solder and Au deposited (Ni and Cu) substrates.
This study focuses on the kinetics of Cu-In and Ni-In intermetallic compounds growth for indium solder/Au deposited (Ni and Cu) system during solid state aging. The growth rate constants for Cu-In and Ni-In intermetallics were measured as a function of time and temperature, and the activation energies for intermetallic growth were calculated with the Arrhenius equation.
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Experimental Procedures
Two different kinds of substrates used in this study were Au/Cu substrates and Au/Ni/Cu substrates with the Au layers of 0.4-0.5 and the Ni layers of 5-7 mm thickness, respectively. The Ni and Au layers were plated with electrolytic method. The thickness of the layers was examined by scanning electron microscopy (SEM) operated at 20 kV. These substrates were then cleaned with acetone and etched in a 10%H 2 SO 4 -90%CH 3 OH solution to remove surface oxide and contaminates.
The solder was prepared from high purity materials (In; 99.99 mass%). It was machined to disk-type samples (thickness 1 mm, diameter 6 mm). Both solder sheets and substrates were ultrasonically cleaned in ethanol before soldering. Mildly activated rosin (RMA) flux was used in this test. Table 1 lists the characteristics of this flux. A piece of solder (approximately 0.18-0.2 g) was laid on the two different kinds of substrates. They were reflowed with an IR reflow oven. The peak reflow temperature was 470 K and reflow time in which solders melt was 60 s. The isothermal aging of diffusion couples was performed in air furnaces with s with a tracking error of AE30 min. Upon completion of the aging step, the samples were then mounted in epoxy and metallographically polished in preparation for characterization. In order to examine the growth kinetics of intermetallic compounds during interfacial reactions, the cross sections of all specimens were observed with a scanning electron microscopy (SEM). Several micrographs were taken from each sample in different areas along the substrate-intermetallic compound interface. Intermetallic compounds were identified with Enery Dispersive X-ray (EDX) analysis and X-ray Diffraction (XRD). To prepare for the XRD analysis, the chosen specimens were selectively etched with a solution of 10 mL HF, 10 mL H 2 O 2 and 40 mL H 2 O, so indium solder would dissolve and the intermetallic compounds would remain.
The layer thickness in the scanned micrographs was evaluated from the total area of intermetallic layer measured using the image analysis software. The thickness of a phase is defined as the total area occupied by that phase divided by the length. Figure 2 compares the microstructures of reaction couples after 4 Â 10 6 s of aging at 343 K, 373 K and 393 K. At 393 K, the continuous intermetallic layer was formed even after a short reaction time of 4 Â 10 6 s. Reaction at such an elevated temperature for a longer time caused the appearance of a very thick and uniform intermetallic layer. As shown in Figs. 1  and 2 , as the aging conditions became more severe, the total intermetallic compound layer grew. It was also found that during the interfacial reactions, some products were separated from the interface to form many intermetallic islands in the solder matrix. The remaining intermetallic compounds grew as a continuous layer along the solder/substrate interface. Figures 3(a) and (c) represent the top view of Cu 11 In 9 and In 27 Ni 10 intermetallics after the samples were aged for 4 Â 10 6 s at 393 K, followed by solder etched away. The Cu 11 In 9 and In 27 Ni 10 intermetallic surfaces shown in Figs. 3(a) and (c) were then used to obtain the X-ray diffraction patterns of Cu 11 In 9 and In 27 Ni 10 intermetallics, shown in Figs. 3(b) and (d) , respectively. On the Au/Cu substrates, the polygonal-shape intermetallics could be seen in Fig. 3(a) . In contrast, the flake-shape intermetallics are formed on the Au/ Ni/Cu substrate as shown in Fig. 3(c) .
Results and Discussion
The thickness of a reaction layer in the diffusion couples can be generally expressed by the simple parabolic equation:
where W is the thickness of the intermetallic layer, k is the growth rate constant, n is the time exponent, and t is the reaction time.
The thickness of the total intermetallic compound layer as a function of the square root of time for each aging temperatures is shown in Fig. 4 .
The atomic diffusion of Cu and In through the IMC layer is the main controlling process for the IMC growth during aging. In general, the solid state growth for intermetallic compound can follow a linear or parabolic growth kinetics. Linear growth implies that the growth rate is limited by the reaction rate at the growth site. In contrast, Parabolic growth implies that growth is limited by volume diffusion. If the growth process are controlled by volume diffusion, the growth of the IMC layer after aging should follow the square root time law, W ; kt 1=2 . It is empirically found that n takes the value of 0.5 when the diffusion reaction is controlled by volume diffusion.
In Fig. 4 , it can be seen that the growth of intermetallic compounds followed a parabolic law, implying that the growth of the intermetallic layer is diffusion controlled. The growth rate constant was calculated from a linear regression analysis of W vs t 1=2 , where the slope = k. Reaction Diffusion and Formation of Cu 11 In 9 and In 27 Ni 10 Phases in the Couple of Indium-Substrates 75 studied. The time exponent was evaluated using the equation representing the growth kinetics at each aging temperature as,
where Y is the layer thickness, t is reaction time, n is the time exponent, B is the layer thickness at t ¼ 0, and A is a constant. This equation was converted into a logarithmic expression
The time exponent (n) was obtained from the slope of lnðY À BÞ versus ln t. Table 3 lists the time exponents determined by the linear regression analysis of each aging temperature using eq. (3). The diffusion processes were appeared to be largely responsible for growth of the intermetallic compound layer, although the time exponents were not exactly 0.5.
The value of time exponents is higher than 0.5 at 393 K below. This reason is caused by the mixed mode of grain boundry diffusion and volume diffusion at initial aging conditions. And at 393 K, the value of n was decreased. Vianco et al. 17) suggested that at the higher temperature, the intermetallic compound layer grew more slowly than would be predicted by the lower temperature data.
A simple Arrhenius relationship was used to determine the activation energies for Cu 11 In 9 and In 27 Ni 10 intermetallic compound growth:
where k 2 is the growth rate constant, k 2 o is the frequency factor, Q is the activation energy, R is the gas constant (8.314 J/mol-K), and T is the aging temperature (absolute units). The activation energies were calculated from the slope of the Arrhenius plot using a linear regression model. Figure 5 shows the Arrhenius plots for the growth of the Cu 11 In 9 and In 27 Ni 10 intermetallic layers, respectively. The activation energy for Cu 11 In 9 growth is 37.06 kJ/mol (R 2 ¼ 0:99) and the activation energy for In 27 Ni 10 growth is 86.14 kJ/mol (R 2 ¼ 0:95). The activation energies obtained in this study are generally in the same order of those from the literature, compared with Cu-In intermetallic compound growth with In based solders during aging. A study performed by Barnard 18) examined Cu-In diffusion couples formed with an electroplated In coating on Cu. Solid state diffusion was activated by annealing the samples for up to 180 days at temperatures of 298, 358, 373, and 423 K. An apparent activation energy of 24 kJ/mol was computed from the data. Manna et al. 19) examined the intermetallic growth kinetics of vapor deposited In films on single crystal Cu substrate. Only the Cu 11 In 9 layer was detected; the apparent activation energy was 26.4 kJ/mol. Solid state reaction between pure In solder and Cu substrate has been studied by Vianco et al. 14) from 343 to In general the solder alloys with a high activation energy would be expected to grow slower at low temperatures and faster at high temperatures compared to those with a low activation energy. In this work, the activation energy value of Cu 11 In 9 intermetallic exhibited higher than that of Vianco et al. 14) 's results, due to the faster growth at high temperature. In contrast, there are very few studies on the growth of In 27 Ni 10 intermetallic compound. Tseng et al. 20) have measured the In 27 Ni 10 intermetallic compound growth between 498 and 773 K of liquid indium solder with Ni substrate. They found that the activation energy is 94.74 kJ/ mol.
The diffusion couples of Vianco et al. 14) and Tseng et al. 20) were assembled from pure indium-pure copper and pure indium-pure nickel, respectively. The samples of Cu-In and Ni-In were prepared using hot dipping. Thus, the discrepancy among the activation energy is due to the differences in the diffusion couples, aging temperature, and analytical method used.
Conclusion
Intermetallic compound layer growth between pure indium solder and Au deposited (Ni and Cu) substrates was examined as a consequence of solid state thermal aging. The aging temperatures were 343, 373, 383 and 393 K. The time periods were 0 to 4 Â 10 6 sec. A quantitative analysis of the total intermetallic compound layer thickness as a function of time and temperature was performed. There was a linear relationship between the growth of the intermetallic layer thickness and the square root of the aging time. The good linear correlation of the results indicates that the formation of intermetallic compound is mainly controlled by volume diffusion process. The growth rate for intermetallic layers increased with time and temperature. The growth rate of the In 27 Ni 10 intermetallic is much slower than that of the Cu 11 In 9 intermetallic. This implies that Ni layer would be a good diffusion barrier for the indium solder. The apparent activation energies for intermetallic compound growth were 37.06 kJ/mol for Cu 11 In 9 and 86.14 kJ/mol for In 27 Ni 10 , respectively. Reaction Diffusion and Formation of Cu 11 In 9 and In 27 Ni 10 Phases in the Couple of Indium-Substrates 77
